Thermal regime and transport of dissolved pollutants, strongly related to water quality and algae bloom in reservoirs, may be quantized by indicators of water temperature and water age, respectively, and these indicators are more spatially and temporally variant in shallow reservoirs.
INTRODUCTION
Cassie ), and it can promote algae blooms in lakes and reservoirs (Chen et al. ) . The effect of thermal pollution may be local or extend over a large area, depending on factors such as the difference in water temperature relative to natural conditions, volume of thermal effluent relative to inflow/outflow, and actual volume of the lake or reservoir (Encina et al. ) .
Water age is defined as 'the time that has elapsed since the particle under consideration left the region in which its age is prescribed as being zero' (Delhez et al. ) . It is a useful timescale for quantifying transport properties of dissolved pollutants, and can describe temporal and spatial heterogeneities of mass exchange in lakes and reservoirs (Takeoka ; intense water movement induced by human activities (Li et al. ) . In addition, Straskraba et al. () found that mean water residence time is directly related to hydrodynamic, chemical, and biological processes of reservoirs. Water age is representative of residence time (Takeoka ; Monsen et al. ) and is also closely related to water quality (Shen et al. ) , algae growth and phytoplankton distribution (Andrejev et al. ; Jiang et al. ; Li et al. ) . Many empirical relationships have been found between phytoplankton and water age (Lucas et al. ) . Water temperature is an important characteristic of surface water systems that may covary with water age, especially if that age is directly governed by freshwater inflow (Lucas et al. ) ; however, little research has been done on the existing relationship between water temperature and water age.
Shallow reservoirs are more sensitive to changes in inflow and wind. Accordingly, water temperature and water age tend to be more variant in space and time, especially for shallow reservoirs with thermal effluent. For reservoirs in Northern China, inflows almost entirely control the source of freshwater because of prolonged periods of low rainfall and drought. Most inflows are highly regulated by anthropogenic manipulation, such as water transfer (Liu ) . Therefore, it is essential for effective reservoir management to understand how regulated inflow influences the thermal regime and transport of dissolved pollutants, and their relationship under the impact of inflow in a shallow reservoir with thermal effluent. The objectives of this paper are to investigate: (1) the impacts of highly regulated inflow on thermal regime and water age, and associated wind effect; and (2) the relationship between thermal regime and water age under the effect of inflow in a shallow reservoir with thermal effluent. A case study was carried out for Douhe Reservoir, a typical shallow reservoir in Northern China, which is influenced by the combined effects of highly regulated upstream inflow and thermal effluent (Sheng et al. ; Lu et al. a, b) . The impacts of regulated inflow on thermal regime and water age were investigated by a series of numerical simulations with four representative inflows, and the impacts of wind were also investigated by considering eight directions and three representative speeds.
Since transport processes are important in shaping spatial patterns of non-conservative quantities such as water temperature (Lucas et al. ) , the relationship between thermal regime and water age under the influence of regulated inflow was also discussed.
METHODS

Study area
The Douhe Reservoir, about 15 km northeast of the city of Tangshan, is a typical multipurpose, shallow reservoir ( Figure 1) 
in which c is the tracer concentration, α is the age concentration of the tracer, u is the velocity, t is the time, x ! is a spatial coordinate, K is the diffusivity tensor, and S is the point source. Then, mean age (water age) of the tracer is calculated from:
The tracer concentration and its age concentration were set as state variables, and the mean age was set as a dependent variable in the user-defined ECO lab module. Water age was calculated with specified initial and boundary conditions.
Model setup and experiments
Reservoir bathymetry was specified using a 1:10,000 scale topographical map (Figure 2 ). A Cartesian computational mesh was generated using the MIKE Zero Mesh Generator.
The mesh contained 1,931 cells in the horizontal plane, and one uniform layer along the vertical direction. Of the two tributaries, the Guan River was continuously without flow, so it was treated as land in the model; inflow data were thus derived at the entrance of the Quanshui River. Except for the two tributaries, the power plant takes water for cooling from the reservoir and discharges heated water back into the reservoir.
Three other water intakes supply water to Tangshan, the local alkali factory, and Caofeidian Industrial Zone. Because the water intakes for the power plant and Tangshan are only a were done prior to its application in age and scenario studies.
A series of numerical experiments (22 cases; Table 2 respectively. In all the cases, model configurations and Regression analysis was applied to determine the relationship between thermal regime and water age using OriginPro 8.0. Because this was the first study examining thermal regime responses to water age variation, an exploratory approach to the data analysis was adopted using a large variety of models.
Simple linear, logarithmic, power, and exponential functions were fitted to the data and the coefficient of determination (R 2 ) was used to discover the model with the best fit.
RESULTS AND DISCUSSION
Model calibration and validation 
Thermal regime
The reservoir thermal regime deviates from natural water temperatures, because of the influence of thermal effluent.
Statistical results indicate that water temperature was significantly different at the six reservoir sites (sites 1-4 and intakes 1-2) in 2008 (Kruskal-Wallis ANOVA, p < 0.01).
Further pairwise comparisons (Mann-Whitney; Table 4) reveal that site 3 and intake 1 were always significantly warmer (p < 0.01) than the other sites, exceeding the temperature at site 1 (considered the inflow temperature) by 4-10 W C and 2-8 W C, respectively. This is because northward movement of hot water is constantly maintained by a large withdrawal at intake 1. There was no significant difference (p > 0.05) in temperature between site 1 and the other three sites. Results also show that summer was significantly the warmest season (p < 0.01), regardless of site. In summer only, water temperatures at all sites were significantly higher than those at site 1 (p < 0.01; Table 4 ), suggesting that summer had the most serious thermal pollution across the Represents a significant difference with p < 0.01, relative to inflow of 6.5 m 3 /s. age in the reservoir. Nevertheless, with the advance of society and intensification of human activities, the Luan River is also facing eutrophication problems (Domagalski et al. ) . If pollution continues, inflow transferred from this river may become the most important pollution source for Douhe Reservoir in the future. Under that condition, the less the water age is, the greater the algal concentration will be (Li et al. ) .
Thus, integrated catchment management (Xia et al. ) that includes the entire route of the water transfer project is needed.
Cases 3 and 6-14 were also used to investigate the impacts of wind in this shallow reservoir. Results show that wind direction had only a slight impact on water temperature (p > 0.05; Figure 11 ) with a constant speed of 3 m/s, but wind speed had a strong influence (p < 0.01; Figure 11 ) through altering the heat exchange between water and air. Since long-term average wind speed in the study area is less than 3 m/s (Table 1) , the average temperature difference caused by wind speed would be around 1 W C or less (Figure 11 ). For water age, the maximum difference among different wind directions is about 10 d. Northwesterly was found to be the optimum wind direction for enhancing water exchange in the southwest part of the reservoir, which is the area of greatest concern for intakes ( Figure 12(a) ).
This is mainly because this direction is aligned with the inflow, so the effect of wind in this direction is equivalent to increasing inflow speed. Consequently, under this direction, wind speed was also important for water age distribution (Figure 12(b) ). In general, the higher the wind speed is, the greater the water exchange is. The average difference in water age caused by wind speed (with long-term average values less than 3 m/s) would be less than 10 d (Figure 12 Relationship between thermal regime and water age under the impact of inflow
The above analysis of the influence of regulated inflow shows that 32.5 and 19.5 m 3 /s were the most efficient inflows for reducing water temperature and water age, respectively.
This indicates that water age is more sensitive to changes in flow circulation induced by inflow than is water temperature. This is reasonable because inflow is decisive for the calculation of water age according to its definition (Delhez et al. ) . However, the determining factor of water temperature in shallow reservoirs is not inflow, though it is also a very important factor in influencing the heat balance, but the heat exchange between water and air. This also indicates that water age can influence the thermal regime. Li et al.
() found that thermal regime could also affect water age through density-induced flow circulation. In a shallow reservoir like Douhe, however, the effect of thermal regime on water age via density-induced flow circulation is very small, so that the relationship here principally reflects the influence of water age on thermal regime. Consequently, for explicitly assessing the impact of water age on thermal regime, the effect of air temperature variation should be excluded or weakened. Here, the quantitative relationship between thermal regime and water age was studied using the maximum water temperature in summer and average water age in steady state in cases 2-22.
Regression analysis results show that a logarithmic function produced the best fit for the relationship in the reservoir (Table 6 ). The general formula can be expressed as:
where X and Y represent water age and maximum water temperature at different sites within cases 2-22, respectively; a and b are parameters. As given in Table 6 , a is always larger than zero for all functions, so maximum water temperature increases gradually with water age. This is reasonable because greater water age means poorer water exchange with the external environment, leading to heat accumulation and warmer water temperature in the reservoir (Lucas et al. ) . Coefficients of determination (R 2 ) are also listed in Table 6 , and can be used and the specific function between thermal regime and water age. However, the positive logarithmic relationship of transport processes on thermal regime may serve as a reference for other reservoirs, especially inflow-dominated shallow ones.
